ABSTRACT Sipha flava is a serious pest in sugarcane in southern Florida, so efforts in better understanding its biology were initiated. Development, longevity, and fecundity of alate and apterous S. flava (Forbes) feeding on Sorghum bicolor [L.] Moench., cultivar ÔKow Chow,Õ were examined under near-ambient temperature and lighting conditions within a glasshouse. After examining several body dimensions during apterous aphid development (antennal length, head width, body length, and abdominal width), antennal length was found to be the best indicator of an instar. Apterous aphids completed development from nymph to adult in Ϸ8 d and passed through four instars. A comparison between the sizes of apterous and alate morphs indicated that apterous females were larger and weighed more than the alates. Both morphs survived equally as long during reproduction (21 d) but produced slightly different numbers of nymphs over their life (apterous ϭ 54.3, alate ϭ 48.2). During the Þrst 8 d of reproduction, apterous adults produced 3.3 nymphs/d and alates produced 2.3 nymphs/d. However, during the following 8 d, nymphal production by apterous females dropped to 2.7 nymphs/d but increased to 2.9 nymphs/d by alates. The estimated intrinsic rate of natural increase (r m ) for apterous aphids was 0.314. The net reproductive rates (R o ) for alate and apterous adults based on 0% nymphal mortality were 45.80 and 53.09 and for 21% nymphal mortality were 36.3 and 41.9, respectively.
to produce overwintering eggs. In the southern latitudes, where warmer climates dominate and the winter months are mild, S. flava typically remains as a viviparous form. They are not exposed to the potentially severe cold weather associated with the northern climates and can overwinter as nymphs or adults. Males are observed rarely, if ever, in these southern climates (Medina-Gaud et al. 1965) .
In southern Florida, only the viviparous form of S. flava occurs, and therefore, it is not holocyclic. It is a sporadic and potentially devastating pest of sugarcane, which is a highly important economic crop encompassing Ϸ184,000 ha (Florida Agricultural Statistics Service 2002). Not only can it cause damage to plants by feeding, but it also is a carrier of the sugarcane mosaic potyvirus (Blackman and Eastop 2000) . Sipha flava feeding on susceptible sugarcane results in chlorosis, then red to purple discoloration followed by premature necrosis. Prolonged feeding can lead to reduced tillering (Hall 2001) and ultimately plant death. Large populations feeding on all mature leaves of sugarcane Ͻ6 mo old can reduce sugar yield in plants harvested 6 mo later by nearly 20% . There are many beneÞcial predatory insects associated with S. flava, but their impact has been only superÞcially investigated (Hall and Bennett 1994, Hentz and . Moreover, no parasitoids have been found naturally associated with S. flava.
Many sorghum (Sorghum bicolor L. Moench) varieties are also susceptible to S. flava (Starks and Mirkes 1979 , Webster 1990 , Kindler and Dalrymple 1999 . Feeding on young plants can cause severe damage, resulting in plant stunting and yield loss (Breen and Teetes 1986) . Initial leaf tissue damage is characterized by purpling around the feeding area, followed by yellowing as feeding continues. Extensive feeding can result in necrosis of the leaf as well as the whole plant (Breen and Teetes 1986, Kindler and Dalrymple 1999) . There is also an apparent toxin injected into the leaves that results in some of the damage suffered by the plants (Young and Teetes 1977) .
Hybrids of sorghum and sudangrass are grown in Florida primarily for grazing or silage. Because Þelds and pastures of these hybrids could serve as reservoirs for S. flava infestation of sugarcane Þelds, understanding its biology will help the development of a comprehensive pest management program for sugarcane. Our objective was to investigate the development, longevity, and reproductive potential of both alate and apterous viviparous morphs in relation to a sorghum ϫ sudangrass hybrid host. Aphids colonizing sugarcane from the surrounding area were periodically introduced into the colony to help maintain a broader gene pool. Plants were grown in plastic trays (10.2 by 35.6 by 50.8 cm) containing a peat-based soil mix (Mix 2; Conrad Fafard, Agawam, MA). The temperature in the glasshouse ßuctuated with the surrounding environment until it reached 25ЊC, at which time an air-conditioning system was activated to prevent the inside temperature from exceeding 40ЊC. Photoperiod was not regulated and changed with the surrounding environment.
Materials and Methods

Aphid
Preliminary experiments conducted at our research center with S. flava feeding on sorghum ϫ sudangrass hybrids and sugarcane (Saccharum officinarum L.) within temperature-controlled rooms under artiÞcial lighting resulted in strong reluctance to settle and feed on test plants. This resulted in highly elevated mortality and reduced development rates for survivors compared with individuals held on the same plant species under ambient light conditions within our glasshouse. Similarly, failures at maintaining colonies of Sipha elegans del Guercio under artiÞcial lighting were corrected by moving infested plants to a location receiving natural sunlight (S. E. Halbert, personal communication). Therefore, despite the inherent inability to tightly control temperatures, the following experiments were all performed within the same glasshouse as the standard colony where the aphids would be exposed to natural lighting.
Aphid Development. Sipha flava nymphs are morphologically very similar from instar to instar; therefore, several easily measurable body dimensions were studied in an attempt to distinguish between instars. Four dimensions were selected: total body length (dorsally from center of frons to the end of the abdomen including the cauda), abdominal width (widest part of the abdomen), head width (width of head between the compound eyes), and antennal length (base of the Þrst segment to apex of the terminal segment). In June 2001, 300 apterous aphids were randomly selected from the standard aphid colony and measured using a binocular microscope Þtted with an eyepiece micrometer. Leaves from the sorghum ϫ sudangrass containing the aphids were excised from the plants and immediately brought to the laboratory where the aphid measurements were taken. Actively feeding aphids were important to use because nonfeeding or dead aphids desiccate and shrivel. All the measurements were taken from the dorsal view of the aphid at approximately the same angle by the same person to help reduce variation. A frequency distribution was plotted for each body dimension (Fig. 1) .
The values recorded from the population were mostly clumped around central points for nymphs perceived to be of the same instars; however, the distributions for each dimension were not discrete. Therefore, an experiment was performed to record the dimensions of individual aphids daily throughout their development. Adult apterous aphids were randomly selected from the glasshouse colony on 18 June 2001 and placed individually on Þve-leaf stage sorghum ϫ sudangrass plants (cultivar ÔKow ChowÕ) Ϸ31 cm tall and allowed to produce nymphs uninterrupted for Ϸ20 h. Sixteen experimental units were set up. Of the 16 plants used, one-half had one aphid and the other half had two aphids, for a total of 24 aphids in this study. Each unit consisted of a clear plastic cylindrical container (11.5 by 14 cm high) with a screened lid, which housed one plant. Plant roots were sealed in 20-ml glass vials Þlled with tap water mixed with nutrients (0.1 g of ProliÞc 20-20-20; Terra International, Sioux City, IA). Water and nutrients were added to the vials as necessary to keep them at least 80% full. On 19 June, the adult aphids were removed, and the remaining nymphs were observed daily. Body dimensions (previously described) and the duration of each stadium were recorded until the adult stage (Table 1) . S. flava feeding ultimately resulted in the death of some plants before the end of the study. Therefore, aphids were transferred to new plants from unhealthy plants as needed. Onset of a new instar was determined by observing cast exoskeletons. All plants were kept in the same glasshouse as the standard colony, and the high and low temperatures were recorded daily (Fig.  2) . Development rates for nymphs destined to become alates were not studied because of the difÞculties involved in trying to stimulate adults to produce alate nymphs in high enough numbers for experimental purposes. Body dimensions were analyzed with a Maximum RÐSquare Improvement Regression model to determine which dimensions would best predict a particular instar or adult stage (SAS Institute 1999).
In a separate experiment, body dimensions (previously described) of 50 adult alate and apterous aphids, randomly selected from the glasshouse colony on 3 and 4 September 2002, were measured (Table 2) .
Differences in dimensions between alate and apterous adults were analyzed using a t-test (P ␣ ϭ 0.05) (SAS Institute 1999).
Weight. To determine the weight of adult alate and apterous aphids, several groups from the standard colony were selected at random and weighed. A sample unit consisted of a group of aphids (23Ð32) weighed together on an Ohaus AS-120 (0.0001 g) analytical balance (Ohaus, Lorham Park, NJ) for each aphid morph. This was replicated 30 times over 6 d during 12Ð30 August 2002 (5 samples of each aphid morph/ d). The weight of a single aphid was determined by dividing the mean weight by the number of aphids in that sample. The 30 samples were averaged to obtain a Þnal mean weight per aphid. A t-test (P ␣ ϭ 0.05) was performed to separate the means between the two aphid morphs.
Longevity and Fecundity. On 29 June 2001, adult apterous aphids randomly selected from the standard aphid colony were placed on 24 individual sorghum ϫ sudangrass hybrid plants in cages as previously described and allowed to produce nymphs for 20 h. On 30 June, the adults and all but two nymphs on each plant were removed. These 48 nymphs were monitored daily for longevity, and once they reached maturity, their fecundity was recorded. New nymphs produced by these parental aphids were removed daily. The experiment ended when all of the parental aphids were dead. The experiment was repeated to evaluate the longevity and fecundity of alate adults. Late-instar nymphs with large wing pads were randomly selected from the standard colony and placed on sorghum ϫ sudangrass hybrid plants as above and allowed to complete development. Two alates were placed on each of 27 plants for a total of 54 aphids. Adult longevity and fecundity were recorded as above and analyzed using a t-test (P ␣ ϭ 0.05) to separate means.
The intrinsic rate of natural increase (r m ) for apterous aphids was estimated using the formula proposed by Wyatt and White (1977) : r m ϭ 0.738 (log e M d )/d, where d is the number of developmental days from birth to Þrst reproduction, and M d is the number of progeny produced in the reproductive interval equal to d. Because the developmental interval for alate aphids was undetermined, r m could not be calculated; therefore, the net reproductive rates (R o ) were estimated for both aphid morphs. Net reproductive rates for S. flava were calculated using the equation R o ϭ ͚l x m x , where l x is the proportion of living females on a given day, and m x is the number of female births on that day (Southwood 1978) . R o was calculated based on two different nymphal mortality rates. During the longevity and fecundity study, apterous and alate nymphal mortality was 0%. During the developmental study, where only apterous nymphal mortality was monitored, 21% of the nymphs died before adulthood. Therefore, the reproductive data collected during the longevity and fecundity studies was used to estimate R o values based on 79 and 100% nymphal survivorship for both alate and apterous females. All nymphs produced by individuals from this viviparous colony were considered to be females.
Results
The temperature in the glasshouse ßuctuated daily (Fig. 2) . The mean high and low temperatures were 33.7 Ϯ 3.5 and 24.1 Ϯ 1.2ЊC, respectively. The low temperatures were fairly uniform throughout the experiments and had a range of 5ЊC (21.7Ð26.7ЊC), whereas the high temperatures varied more and had a range of 13.9ЊC (25.0 Ð38.9ЊC). The daily mean change in temperature was 9.6 Ϯ 3.5ЊC.
Rearing studies using individual aphids determined that S. flava passes through four nymphal instars before reaching the adult stage (Table 1 ). The body dimensions of the nymphal and adult stages of apterous aphids are presented in Table 1 , whereas the frequency distributions of the sample from the standard colony are given in Fig. 1 . Although the different instars were not determined while sampling the standard colony, some comparisons can still be made with the individual aphids. Both the individual and standard colony aphids had considerable variation and overlap for the body length and abdominal width dimensions (Table 1 ; Fig. 1, A and B) . There was overlap in the . y values of 1Ð 4 correspond to the four instars, respectively, whereas a value of 5 represents the adult. Antennal length ranges slightly overlapped between Þrst and second instars but were discrete among the other instars. The upper range of the fourth instars corresponded with the lowest value for adults; however, adults could be separated from nymphs by their fully developed caudi. The antennal lengths measured from the standard colony conformed to these fairly discrete ranges with instar means approximating the peaks in the frequency distribution (Fig. 1D) .
Alate adults were signiÞcantly smaller in body length, abdominal width, and head width, and they weighed 12% less than apterous adults (Table 2) . However, alates had signiÞcantly longer antenna than apterous adults.
Newly emerged nymphs developed to apterous adults in Ϸ8 d with the duration of each stadium as follows (mean days Ϯ SD): Þrst stadium (2.2 Ϯ 0.4, n ϭ 24), second stadium (1.6 Ϯ 0.6, n ϭ 22), third stadium (2.0 Ϯ 0.2, n ϭ 21), fourth stadium (2.2 Ϯ 0.7, n ϭ 19). Alate development was not studied. The average prereproductive period was 1.3 Ϯ 0.1 d for apterous and 2.1 Ϯ 0.1 d for alate morphs. The survival curves for both aphid morphs during reproduction were similar (Fig. 3) . Consequently, there was no signiÞcant difference (t ϭ 0.2376, P ϭ 0.8127) between the length of the reproductive periods for apterous (20.9 Ϯ 6.5 d) or alate (21.2 Ϯ 6.0 d) morphs.
Apterous aphids, on average, produced more nymphs (54.3 Ϯ 16.5) than alates (48.2 Ϯ 14.7) during their life; however, it was not signiÞcantly more (t ϭ Ϫ1.8779, P ϭ 0.0636). Apterous aphids produced signiÞcantly (t ϭ Ϫ7.2497, P ϭ 0.0001) more nymphs in the Þrst 8 d of reproduction (M d ϭ d) than alates (26.1 Ϯ 6.2 and 18.3 Ϯ 3.6, respectively; Fig. 4 ). Apterous aphids produced 3.3 Ϯ 0.2 nymphs/d for the Þrst 8 d, whereas alates produced 2.3 Ϯ 0.4 nymphs/d. However, during the following 8 d, the mean number of nymphs produced daily by alates increased to 2.9 Ϯ 0.1 nymphs/d, whereas the apterous morphs production dropped to 2.7 Ϯ 0.4 nymphs/d. The estimated r m for apterous females was 0.314. The R o values for alate and apterous females at 100% nymphal survivorship were 45.8 and 53.1, and at 79%, were 36.3 and 41.9, respectively.
Discussion
Understanding the life cycle of an insect pest is essential to the development of an integrated pest management (IPM) strategy. One important biological parameter that determines the success or failure of an insect pest is fecundity. Fecundity, in concert with development rate and longevity, determines population growth rate.
We were unable to culture S. flava under artiÞcial light and had to conduct all the studies in a glasshouse where sunlight was available. Therefore, these studies are difÞcult to compare with previous research because the temperature ßuctuated daily (Fig. 2) and photoperiod was uncontrolled. However, these conditions may mimic a natural environment more realistically than a controlled environmental study (Hagstrum and Hagstrum 1970) .
The use of morphological characteristics to distinguish between the four instars of S. flava proved difÞcult, because the nymphs were very similar in appearance. In an attempt to discern the instars from one another by using body dimensions, it was found that body length, abdominal width, and head width ranges overlapped between the instars and the adult stage, thus minimizing their usefulness for determining particular instars ( Fig. 1; Table 1 ). Antennal length provided the best indicator of a particular instar because antennae were rigid and did not expand or lengthen after a molt. Nymphal and adult body dimensions (body length, body width, antennal length) in this study were similar to previous reports. Davis (1909) found that apterous S. flava feeding on sorghum had a body length of 1.82 mm, whereas MedinaÐGaud et al. (1965) found a range of 1.67Ð1.88 mm for apterous adults feeding on sugarcane. Size variation is common within an aphid species when developing under dissimilar environmental conditions (Dixon 1985) .
Apterous aphids in our study matured faster (8 d) than S. flava feeding on ÕWheatlandÕ sorghum (12.6 d; Starks and Mirkes 1979) . However, lower temperatures (22Ð25ЊC) used in this previous experiment probably accounted for most of the difference in development rate between these studies. Davis (1909) found that S. flava had a developmental range from 7 to 31 d, depending on the time of year. We were unable to determine the developmental rate for alate morphs and hesitate to speculate on their development time in relation to the apterous morphs, because contradictory evidence exists for different aphid species. Generally, alate morphs take longer to mature than apterous ones, but in a few species, both morphs mature in the same period of time (Mackay and Wellington 1975, Dixon 1985) .
The prereproductive period (period of time from adult to Þrst reproduction), however, was determined for both S. flava morphs and was found to be shorter for apterous morphs than alates, which is observed in other species as well (Johnson 1957, Kobayashi and Ishikawa 1993) . A short prereproductive period is beneÞcial to apterous aphids because their primary function is to reproduce promptly and proÞciently. In contrast, alate morphs are produced primarily to disperse and colonize new more suitable environments when the current conditions become stressful to the aphid population (Dixon 1985) . One of the costs associated with this migratory behavior is delayed reproduction until an acceptable host is found. After the aphid has settled and begun to feed on the new host, the onset of reproduction, and generally, wing muscle histolysis, is triggered (Kobayashi and Ishikawa 1993) . Although the developing embryos likely use the byproducts of wing muscle degradation, it is not a requirement for the initiation of embryogenesis in all aphids (Johnson 1957) . Varying degrees of an aphidÕs pre-reproductive period are displayed among different species. Some members of the Aphidina produce young while they still have the ability to ßy, whereas members of Lachini are not able to reproduce until they have lost their ability to ßy (Johnson 1957) . Although the alate S. flava in our study had the opportunity to disperse and ßy around the caged area, they did not. This may have been because the late instars were allowed to mature on healthy, uncrowded plants. Interestingly, reproduction was still delayed.
Lifetime fecundity was about the same for alate and apterous S. flava, which is similar to Sitobion avenae (F.), but inconsistent with numerous other species where the apterous morphs are more fecund (Mackay and Wellington 1975 , Dixon 1985 , Llewellyn and Brown 1985 , Araya et al. 1996 . It has been suggested that the reduced fecundity associated with alates is a trade-off for their ability to ßy (Dixon and Wratten 1971, Mackay and Wellington 1975) . The energy used to build and maintain ßight structures is not available for reproduction; thus, overall fecundity is reduced.
Also, contradictory to our Þndings, large aphids tend to be more fecund than smaller ones (Dixon and Wratten 1971 , Taylor 1975 , Kempton et al. 1980 . Apterous S. flava are larger than alates, but lifetime fecundity was similar even though their daily fecundity patterns were different. Apterous morphs produced the greatest number of nymphs in the Þrst several days, which gradually fell over time. Alates produced fewer nymphs in the Þrst several days, peaked, and began to gradually fall. Taylor (1975) demonstrated a similar pattern in Aphis fabae Scopoli and suggested that the recovery of the alateÕs nymphal production correlated with the break down of the ßight muscles. We did not conduct experiments to The Þrst several days of reproduction are very important to the growth of the population as a whole. The Þrst nymphs produced from a parental aphid will complete development and start reproducing before their younger siblings. As a consequence, these Þrst few aphids contribute more to the population than ones born afterward. It was demonstrated that 95% of a populationÕs growth would result from the progeny produced in the time period equal to the developmental time (Deloach 1974) . Based on that concept, Wyatt and White (1977) proposed a method for estimating the intrinsic rate of natural increase (r m ). By applying that concept to apterous S. flava, the Þrst 8 d of reproduction would contribute to 95% of the populationÕs growth. As a result, the r m (0.314) for apterous S. flava indicated a positive population growth potential, which was supported by Vasicek et al. (1999) . The r m values for both S. flava morphs could not be compared because the developmental time was not determined for the alates. However, both morphs exhibited high R o values, even with 21% nymphal mortality, indicating that they have the potential to produce large populations under the right conditions. Vasicek et al. (1999) found that S. flava feeding on wheat, Triticum durum L., had demonstrated positive R o values of 32Ð 48. Therefore, although total fecundity for alate and apterous aphids was about the same and they both demonstrated positive net reproductive rates, apterous morphs produced signiÞcantly more aphids in the Þrst several days of the reproductive period. This indicated that a population started from an apterous morph would grow faster than one started from an alate.
In summary, an important aspect of an integrated pest control program for S. flava involves the identiÞcation of potential host plants that can serve as aphid reservoirs during periods when sugarcane is unavailable for colonizing. Sorghum and sorghum ϫ sudangrass varieties, which are grown in Florida, can serve as such reservoirs. S. flava not only can survive on sorghum ϫ sudangrass, but can also rapidly colonize it under the right environment. In our experimental conditions, apterous females were able to mature in 8 d and begin reproducing shortly thereafter. After 8 d of reproduction, apterous females could produce Ϸ26 nymphs. When conditions become stressful for the population, alates are produced that can migrate to better host plants and produce Ϸ18 nymphs in 8 d. Therefore, from a management viewpoint, identiÞca-tion of the developmental stage of aphid is important because it can provide an indication of whether an aphid is in its nymphal or reproductive stage and if the population is producing migrants. Once migrants are produced, aphid populations can spread very rapidly over a wide range. Control measures should be focused on small populations that are in concentrated areas. In certain situations, chemical control is not necessary because factors, such as predators and weather, may contribute sufÞciently to the reduction of aphid populations to acceptable levels (Miskimen 1970, Hall and Bennett 1994) . However, any potential biological control agent would have to compete with S. flava's short developmental period and high reproductive rate to be an effective tool for our use.
